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Abstract. On the basis of our experiments, it is clear that 
carbonic anhydrase (CA) plays an important role in the 
C0 2 -concentrating mechanisms in Riftia pachyptila. Plume 
tissue from freshly collected animals had the highest CA 
activity, 253.7 ± 36.0 p mol C0 2 min 1 g _I wet wt, and 
trophosome activity averaged 109.4 ± 17.9 pmo\ C0 2 
min 1 g 1 wet wt. Exposure of living worms to ethoxyzol- 
amide, a carbonic anhydrase inhibitor, resulted in a 99% 
decrease in CA activity (from 103.9 ± 38.6 to 0.7 ± 0.2 
jumol C0 2 min 1 g 1 wet wt in the plume tissue and 57.6 ± 
17.9 to 0.04 ± 0.11 pmo\ C0 2 min -1 g _1 wet wt in the 
trophosome) and essentially a complete cessation of SC0 2 
uptake. High concentrations of CA appear to facilitate the 
equilibration between inorganic carbon (C,) in the external 
and internal environments, greatly enhancing the diffusion 
of C0 2 into the animal. In summary, R. pachyptila demon¬ 
strates very effective acquisition of inorganic carbon from 
the environment, thereby providing the symbionts with 
large amounts of C0 2 . This effective acquisition is made 
possible by three factors: extremely effective pH regulation, 
a large external pool of C0 2 , and, described in this paper, 
high levels of carbonic anhydrase. 

Introduction 

The giant hydrothermal vent tubeworm Riftia pachyptila 
has an unusual mode of existence, relying primarily upon its 
symbionts for nutrition. These symbiotic bacteria have been 
shown to fix only C0 2 , yet they have a low affinity for it 
( K m for CO, = 21-35 ]xmo\ 1 Scott et al.. 1994). R. 
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pachyptila must, therefore, supply inorganic carbon to the 
bacteria, which are far removed from the external medium, 
at high rates and at concentrations sufficient to support its 
extremely high growth rates (up to 3 ft y Lutz et ah, 
1994). Net rates of carbon fixation in R. pachyptila can be 
quite high, and the acquisition of inorganic carbon (Q) via 
C0 2 diffusion has been documented (Childress et al., 1991; 
Goffredi et al. , 1997). Although the P co . in the vent envi¬ 
ronment is higher than in most seawater environments, these 
animals appear to use carbon-concentrating mechanisms for 
Cj uptake. Although the worms use binding proteins (he¬ 
moglobins) to concentrate oxygen and sulfide internally, 
there is no evidence that proteins in the extracellular fluids 
bind either C0 2 or HC0 3 _ (Arp et ah, 1985, 1987: Chil 
dress et al.. 1991, 1993: Kochevar et al., 1993: Toulmond et 
al., 1994). Thus, other concentrating mechanisms must be 
responsible for the internal accumulation of inorganic car¬ 
bon. 

Many organisms have evolved carbon-concentrating 
mechanisms that create gradients favoring the internal 
movement of C0 2 , either by increasing the external C0 2 
pool or by decreasing the internal C0 2 pool, to aid in the 
acquisition of C0 2 (Raven, 1991). Carbonic anhydrase 
(CA) can function in this capacity and has proven to be very 
important for marine autotrophs. CA, the enzyme that cat¬ 
alyzes the interconversion between carbon dioxide (C0 2 ) 
and bicarbonate (HC0 3 ~), is widespread among organisms. 
Since its discovery in the 1930s, CA has been shown to 
participate in a variety of physiological and biochemical 
processes, although it is still most commonly known for 
aiding in C0 2 elimination in metazoans (Meldrum and 
Roughton, 1933: Maren, 1967: Burnett, 1984; Burnett and 
McMahon, 1985: Henry 1987, 1988). In addition to C0 2 
elimination, however, CA plays an important role in the 
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uptake of Q in aquatic photosynthetic organisms, including 
a variety of marine plants, algae, eubacteria, and cyanobac¬ 
teria, as well as in invertebrate hosts of photosynthetic 
symbionts, including corals, anemones, and clams (Maren, 
1967; Lucas and Berry, 1985; Badger, 1987; Weis et ai, 
1989; Weis, 1991). 

Recently, high levels of CA activity have also been 
measured in the gas-exchange and symbiont-containing tis¬ 
sues of vesicomyid clams, mytilid mussels, and vestimen- 
tiferan tube worms from sulfide-rich environments, includ¬ 
ing hydrothermal vents and cold seeps (Kochevar and 
Childress, 1996). It has been suggested that CA in these 
hosts of chemoautotrophic symbionts is important for the 
uptake of inorganic carbon, as it is for hosts of photosyn¬ 
thetic symbionts (Kochevar, 1992; Kochevar et ai , 1993; 
Kochevar and Childress, 1996). Of all the hosts of chemo- 
synthetic symbionts measured in previous studies, the vent 
tube worm, Riftia pachyptila , has demonstrated the highest 
CA activity, especially in the plume (the primary gas- 
exchange tissue), and the trophosome tissue (the specialized 
organ in which the bacteria are housed in the trunk of the 
worm) (Kochevar et ai , 1993; Kochevar and Childress, 
1996). 

The purpose of this project was to determine the physi¬ 
ological functioning of CA in the R. pachyptila symbiosis. 
Based on the assumption that CA in the worm's plume is 
involved in concentrating Cj from the external environment 
into the animal, our goal was to provide evidence of the 
actual in vivo functioning of CA in the uptake process. We 
further assumed that CA enhances C0 2 movement into the 
worm and that inhibition of CA activity would reduce the 
rate of C0 2 diffusion, thus lowering the C0 2 uptake rate and 
internal C0 2 level in R. pachyptila. To test these hypothe¬ 
ses, we analyzed the uptake of C0 2 by these animals in the 
presence and absence of the membrane-permeable carbonic 
anhydrase inhibitor ethoxyzolamine (EZ). We chose EZ 
because it has a high in vivo stability as well as a high 
affinity for CA (Holder and Hayes, 1965; Maren, 1967, 
1977). 

Materials and Methods 

Collections 

Individuals of R. pachyptila were collected at an average 
depth of 2600 m by submersible during research expedi¬ 
tions to 9°N (9°50'N, 104°18'W) and 13°N (12°48'N, 
103°57 / W) along the East Pacific Rise in 1994 and 1996. 
Animals were brought to the surface in a temperature- 
insulated container and transferred to cold seawater (5°C) in 
a refrigerated van on board ship. Worms were then sorted to 
be used either for experiments on living animals (described 
below) or for immediate measurements of physiological 
parameters. Live-animal experiments were initiated within 
2 h of surfacing. Worms labeled “freshly collected” in this 


text were dissected in less than 4 h after collection from the 
sea floor (see Goffredi et ai, 1997, for dissection tech¬ 
niques). Tissue and blood samples were stored at —70°C for 
assays of CA activity. 

Analytical methods 

iC0 2 and AH 2 S of body fluids and large-vessel water 
samples were measured in 0.5-ml aliquots with a Hewlett 
Packard 5880A gas chromatograph (GC) (Childress et ai, 
1984; is used to indicate total concentrations, including 
all ionic species present). Body fluid pH values were mea¬ 
sured with a thermostatted (10°C) Radiometer BMS-2 blood 
pH analyzer equipped with a G299A capillary pH electrode. 
All values are given as mean ± standard error. 

Carbonic anhydrase activity was measured using the pro¬ 
tocol described in Weis et ai (1989). Briefly, tissue samples 
were homogenized in 10 X vol of chilled 25 mmol 1 
veronal buffer (25 mmol 1 1 barbital buffer, 5 mmol 1 
EDTA, 5 mmol 1 1 dithiothreitol, and 10 mmol I 1 MgS0 4 , 
pH 8) and centrifuged for 10 min at 1200 X g. Homogenates 
were stored on ice and 1 -ml aliquots were transferred to test 
tubes for assay. This homogenate was combined with 1 ml 
50 mmol 1 1 veronal buffer solution and 1 ml C0 2 -saturated 
distilled water. The rate of pH change following the addition 
of C0 2 -saturated distilled water w 7 as monitored over time. 
As a control to determine nonspecific changes in pH. the 
assay w 7 as performed on boiled homogenate. The difference 
between the boiled and non-boiled sample was considered 
CA activity (and was measured in triplicate). CA activity 
was measured as A pH min 1 weight -1 ; however, to facil¬ 
itate comparison between the rates of C0 2 conversion and 
the rates of C0 2 uptake, we converted these units to juinol 
C0 2 min 1 weight 1 by assuming 0.351 A pH min 1 
weight 1 ** 1 jumol C0 2 converted to HC0 3 + IL min 1 
weight ] , a factor previously determined by Kochevar and 
Childress (1996). Protein concentration in crude homoge¬ 
nates was determined spectrophotometrically by the Lowry 
method, with bovine serum albumin as the standard (Lowry 
etai, 1951). 

Internal vs. external parameter experiments 

Experiments in which we were concerned with compar¬ 
ing internal versus external parameters, such as pH and 
AC0 2 , were carried out in vessels with a capacity of 6 1 to 
accommodate large worms (see Goffredi et ai, 1997 for 
further details). Use of large (14-42 cm in length and 
10-80 g) worms was necessary to measure internal param¬ 
eters in both vascular and coelomic fluids, as well as in 
tissues. Seawater was taken from two reservoir tanks, 200 1 
and 75 1, and pumped by high-pressure, diaphragm metering 
pumps through the vessels at flow rates ranging from 4 to 
12 1 h~\ at pressures around 21.5 MPa. All worms in these 
experiments were first maintained in aquaria with flowing 
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surface seawater (2X0 2 2.1 mmol 1 \ P COi = 0.04 kPa, 

pH = 8.2, at 8°C). Low internal levels of 1C0 2 , which 
resulted from maintenance in surface seawater, were nec¬ 
essary to measure the uptake rates of C0 2 over time. De¬ 
crease in extracellular ^C0 2 was monitored over periods of 
2-4 days, after which the animals were transferred to ex¬ 
perimental vessels. 

Experimental water conditions were similar to in situ vent 
conditions of 3.98 ±0.12 mmol 1 1 iC0 2 , 0.15 ± 0.02 
mmol I 1 1H 2 S. 0.26 ± 0.03 mmol I -1 O 2 . 0.38 ± 0.02 
mmol I 1 N 2 , and pH 6.0 ± 0.1. Water 1C0 2 . O,, and N 2 
were controlled by bubbling gases directly into a gas equil¬ 
ibration column, which fed the high-pressure pumps, which 
supplied the vessels (see diagram in Kochevar et ai , 1992; 
GolTredi et ciL , 1997). Sulfide concentrations were con¬ 
trolled by continuously pumping anaerobic solutions of 
sodium sulfide (30-50 mmol 1 ! ) into the gas equilibration 
column. To stabilize and control the pH, 10 mmol l 1 
MOPS (3-[A-morpholino]propanesulfonic acid) or MES (2- 
[N-morpholino]ethanesulfonic acid) buffer was added to the 
sulfide solutions. Pressure gauges and sample ports were 
connected to the vessel outflow to allow monitoring of 
pressure and water conditions. 

Control worms (n = 5) were those animals kept in the 
above conditions without exposure to inhibitors. Inhibitor- 
exposed worms (// = 5) were those animals initially main¬ 
tained in the same manner as for the control worms, and 
transferred to the same experimental conditions; however, 
once inside the experimental vessels they were exposed to 
ethoxyzolamide, a specific inhibitor of carbonic anhydrase 
(final concentration of 0.8-0.9 mmol I 1 in the surrounding 
water; Holder and Hayes, 1965; Maren, 1967, 1977). EZ 
was first dissolved in pH 13 seawater (at 4-5 mmol 1 1 
concentrations) and introduced into the vessels over a 1 h 
time period via metering pumps. The flow rate determined 
the final concentration. Worms were sacrificed at times 
between 0 and 6 h for the determination of tissue CA and 
vascular blood and coelomic fluid pH and !£C0 2 . 

Flux experiments 

For experiments in which we measured metabolite fluxes, 
we used a smaller flow-through, high-pressure respirometry 
system (Kochevar et ai . 1992). Individuals of R. pachyp- 
tila , ranging in size from 2 to 10 g, were maintained in a 
high-pressure vessel (volume = 350 ml). A second aquar¬ 
ium. which did not contain worms, was used as a control. In 
a gas equilibration column, seawater was bubbled with gas 
mixes of C0 2 , H 2 S, 0 2 , and N 2 , which were controlled by 
a gas flow controller (Sierra Instruments Inc.; Kochevar et 
ai, 1992). Dissolved gas concentrations of 3.11 ± 0.32 
mmol I 1 1C0 2 . 0.37 ± 0.03 mmol 1“ 1 SH 2 S, 0.40 ± 0.03 
mmol I 1 0 2 , and 0.35 ± 0.02 minol I 1 N, were achieved. 
A seawater pH of 6.25 ± 0.13 was maintained by a pro¬ 


portional pH controller (Cole-Parmer, Inc.). From the equil 
ibration column, seawater was pumped into the vessels via 
high-pressure pumps, at 12.5 ± 1.0 ml min and main¬ 
tained at 27.5 MPa via gas-charged back pressure valves 
(Circle Seal Controls, Inc.). A pair of pneumatically actu¬ 
ated 4-port valves (VALCO, Inc.) were used to direct the 
effluent streams (one at a time) to a gas extraction system, 
where the effluent was acidified and stripped of dissolved 
gases. Dissolved gas concentrations were measured using a 
residual gas analyzer (Hiden Analytical), and pH was mea¬ 
sured using a double-junction pH electrode. The minimum 
flux of C0 2 , H 2 S, and 0 2 discernible by this technique is 0.9 
jLimol g 1 h 1 , and 0.4 /xmol g 1 h respectively. The 
difference in C r oxygen, and sulfide concentrations between 
the experimental and control vessels were used to calculate 
the flux rates. 

To test the effects of EZ on C, flux, the worms were first 
maintained under the conditions described above until they 
showed signs of autotrophy (stable net C { uptake), after 
about 20 h. In this study, we use the word antotrophy 
strictly with respect to carbon. EZ was then added at a 
concentration of 2 mmol 1 1 to the surrounding seawater. At 
the end of the experiment, which lasted approximately 
4 days, the worms were weighed and dissected. Tissues 
were kept in liquid nitrogen for later determination of CA 
activity. 

Results 

Freshly collected animals 

Plume tissue from freshly collected animals had a CA 
activity of 253.7 ± 36.0 jumol C0 2 min -1 g 1 wet wt; 
trophosome activity averaged 109.4 ± 17.9 jumol C0 2 
min 1 g 1 wet wt. (Table 1). Both body wall and vestimen- 
tum had much lower values, which is in agreement with 
previous research (Table 1; Kochevar and Childress, 1996). 
Protein values for plume and trophosome tissue averaged 
87.7 ± 6.3 mg g 1 (// = 27) and 124.7 ± 9.9 mg g~ 1 (n — 
16), respectively. Thus, protein-specific CA activities for 
plume and trophosome were measured to be 4.0 ± 0.9 jumol 

Table 1 


Carbonic anhydrase activities in Ritlia pachyplila 


Sample 

n 

CA activity (/u.mol C0 2 min 1 g 1 wet wt) 

Plume 

38 

253.7 ± 36.0 

Trophosome 

39 

109.4 ± 17.9 

Body wall 

17 

5.4 ± 0.6 

Vestimentum 

6 

2.3 ± 0.7 


Carbonic anhydrase activity (mean ± SE) for Rifiia pachyptila collected 
at 9 and 13 N along the East Pacific Rise. CA activity was measured using 
the protocol described in Weis et at. (1989). 
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C0 2 min 1 mg protein 1 (// = 27) and 0.8 ± 0.2 jumol C0 2 
min 1 mg protein 1 ( n — 16), respectively. 

Internal v.v. external parameter experiments 

All experimental worms were first kept in maintenance 
vessels with surface seawater conditions, and monitored 
until extracellular fluid -C0 2 was reduced to a low value 
(< 10 mmol l -1 ; about 2-4 days). When control worms 
were subsequently exposed to flowing water with an aver¬ 
age iC0 2 of 3.98 ±0.12 mmol 1 1 and P COi of 5.8 ± 0.6 
kPa (typical vent conditions), they demonstrated an increase 
in extracellular fluid ^C0 2 (Fig. la. b). The rate of increase 
in internal SC0 2 , from 0 to 6 h, was 4.1 mmol l^h -1 for 
coelomic fluid and 4.8 mmol I l b 1 for vascular blood. 
Despite this increase in internal iC0 2 , there was no change 
in the pH of either coelomic fluid or vascular blood; values 
averaged 7.21 ± 0.07 and 7.04 ± 0.07, respectively, during 
the 6-h time period (Fig. 1c, d). 

Worms exposed to EZ were kept in the same overall 
water conditions as the control worms, with an additional 
1 h exposure to 0.8-0.9 mmol I -1 EZ. These worms, when 
placed in typical vent conditions (/>., high ^C0 2 and P co ), 
did not accumulate internal !£C0 2 as rapidly as the control 


worms (0.8 mmol 1 1 h 1 and 0.0 mmol 1 1 h 1 for 
coelomic fluid and vascular blood, respectively; Fig. la. b). 
The decreased rate of SC0 2 accumulation for vascular 
blood in the EZ-exposed worms was significantly less than 
that of the control worms (P = 0.032, ANCOVA; Fig. lb). 
EZ-exposed worms. like the control worms, showed no 
change in the pH of either coelomic fluid or vascular blood 
during the experiment (7.15 ± 0.09 and 7.07 ± 0.01, 
respectively), and neither was significantly different from 
that of the control worms (P = 0.47 and P = 0.72, respec¬ 
tively, Mann-Whitney U test; Fig. Ic. d). 

EZ exposure also resulted in a decrease in CA activity of 
about 99%: from 103.9 ± 38.6 to 0.7 ± 0.2 /xmol C0 2 
min -1 g -1 wet wt in the plume tissue and 57.6 ± 17.9 to 
0.04 ± 0.11 /amol C0 2 min 1 g -1 wet wt in the trophosome 
(Table II). 

Flux experiments 

For convention, since we are referring to materials that 
are consumed from the surrounding water, any flux that 
occurs from the environment into the worm is expressed as 
a negative value, and any flux that occurs from the worm 
into the environment is expressed as a positive value. Ini- 



Time (h) 


Time(h) 


Figure 1 Coelomic fluid iC0 2 (a) and pH (c). and vascular blood 1C0 2 (b) and pH (d>, over lime for Riftia 
pachypulu exposed to 3.9S ±0.12 mmol 1 1 1C0 2 , 0.15 ± 0.02 mmol 1 ‘ iH 2 S, 0.26 ± 0.03 mmol P 1 0 2 , 
0.38 ± 0.02 mmol 1 J N 2 . and a pH of 6.0 ±0.1. Each point represenis a single animal sacrificed ai the indicated 
lime. Closed symbols represent conirol worms (n — 5) and open symbols represent worms exposed to 
ethoxyzolamide (n - 5). Lines are drawn to show correlations (the only significant regression correlations (P < 
0.05), showing changes over lime, are for both conirol worm coelomic fluid and vascular blood £C0 2 ). 
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Table II 


Effect of ethoxyzolamide on carbonic anhycira.se activity in the tubeworm 
Riftia pachyptila 


Experiment 

Sample 

Plume CA 
activity (pimot 
CO, nnn 1 g ' 
wet wt) 

Trophosome CA 
activity (pimol 
CO, min 1 g 1 
wet wt) 

Internal 

parameters 

Control worms 

t03.9 ± 38.6(5) 

57.6 ± 17.9(5) 

Flux 

EZ-exposed 

worms 

Control worms 

0.7 ± 0.2 (5) 
82.8 ± 6.7 (2) 

0.04 ±0.11 (5) 
50.9 ± 2.1 (2) 


EZ-exposed 

worms 

O.t ±0.2(3) 

0.2 ± 0.2(3) 


Carbonic anhydrase activity (mean ± SE; n in parentheses) for Riftia 
pachyptila in Internal vs. External parameter experiments and Flux exper¬ 
iments, with and without in vivo exposure to ethoxyzolamide (EZ), a 
carbonic anhydrase inhibitor (EZ = 0.8-0.9 mmol 1 1 in Internal vs. 
External parameter experiments and 2 mmol l 1 in Flux experiments). CA 
activity was measured using the protocol described in Weis et al. (1989). 

tially, the worms exhibited a net production of inorganic 
carbon for about 3 h (8.6 ± 0.4 /amol C0 2 g 1 h l : Table 
III, Fig. 2a). Shortly thereafter, the worms showed signs of 
autotrophy, indicated by net acquisition of inorganic carbon, 
which, again, is expressed as a negative flux rate (-12.9 ± 
0.5 n mol C0 2 g 1 h -1 ; Table Ill, Fig. 2a). During net Q 
acquisition, both oxygen and sulfide uptake rates increased 
slightly—by 5.7% and 6.8%, respectively (Table III, 
Fig. 2b). 

Exposure to EZ resulted in a rapid change from C, ac¬ 
quisition to production (from —12.9 ± 0.5 to 8.2 ± 0.5 
/iinol C0 2 g 1 h l ; Fig. 2a). The resulting net inorganic 
carbon production rate was similar to that seen at the be¬ 
ginning of the experiment (P = 0.40, Mann-Whitney U- 
test; Fig. 2a). EZ exposure also resulted in about a 99% 
decrease in CA activity: from 82.8 ± 6.7 to 0.1 ± 0.2 /amol 
CCF min 1 g 1 wet wt in the plume tissue and 50.9 ± 2.1 
to 0.2 ± 0.2 i ±\nol C0 2 min 1 g _1 wet wt in the trophosome 
(Table II). Following the addition of EZ, the worms con¬ 
tinued to produce C x for 3 h. During this time, however, 
there was a significant trend towards the re-establishment of 
Cj acquisition (P < 0.0001, Kendall rank. Fig. 2a). At the 
observed rate of increase, it was calculated that acquisi¬ 
tion could have been resumed within 6 h, assuming that CA 
inhibition was irreversible and that the return to acquisition 
was via passive diffusion. 

Exposure to EZ also resulted in a transient decrease ( ca . 
50 min) in the rates of 0 2 and H 2 S uptake (from - 16.0 to 
— 12.2 fi mol g 1 h 1 and —8.8 to —5.0 /amol g 1 h 
respectively; Fig. 2b). This decrease coincided with the 
worms retracting into their tubes, a short-term response in 
which the plume (the primary respiratory surface) is wilh- 
drawn from direct contact with the surrounding seawater. 


This often occurs when conditions are rapidly changed, and 
it results in a short-term (less lhan 60 min) decrease in flux 
rates. Both oxygen and sulfide flux rates returned to at least 
95% of their previous values after 50 min (P — 0.54 and 
P = 0.58, respectively, Mann-Whitney U test). 

Discussion 

Previous studies have indicated the involvement of CA in 
the R. pachyptila symbiosis. These studies have included 
the measurement of CA activities in various tissues as well 
as the characterization of the enzyme (or enzymes), includ¬ 
ing size, kinetics, and subunit composition (Kochevar et al., 
1993; Kochevar and Childress, 1996). In this study, we have 
examined not only the levels of CA activity in these animals 
but also the specific functioning of this enzyme in this 
symbiotic association as a whole. 

Carbonic anhydrase inhibition — ethoxyzolamide 

In a past attempt to inhibit CA in R. pachyptila, Goffredi 
et al. (1997) demonstrated that exposure to sulfanilamide, 
another specific inhibitor of carbonic anhydrase, resulted in 
no significant change in coelomic fluid ^XC0 2 , pH, or P co , 
values. In addition, plume and trophosome samples taken 
from worms exposed to sulfanilamide showed no significant 
difference in CA activity from control worms. This is not 
surprising considering that sulfanilamide is a very weak, 
membrane-impermeable inhibitor of carbonic anhydrase, 
with a weak affinity for the enzyme (Maren. 1967). 

Ethoxyzolamide, on the other hand, has a high affinity tor 
carbonic anhydrase (Holder and Hayes, 1965; Maren, 1967, 
1977). Exposure to EZ in our experiments resulted in a 
complete inhibition of CA in the trophosome and plume, a 

Table III 


Inorganic carbon, oxygen, and sulfide fluxes in Riftia pachyptila: pre- 
ami posl-elhoxyzolamide (EZ) treatment 


Metabolite 

Pre-autotrophic 

flux 

(pimol g 1 h ') 

Autotrophic 

flux 

(pimol g I h ') 

Post EZ treatment 

flux 

(pimot g 1 h 1 ) 

Inorganic 

carbon 

8.6 ± 0.4* 

-12.9 ±0.5 

8.2 ± 0.5* 

Sulfide 

-8.9 ± 0.3 

-9.6 ± 0.2 

-9.0 ± 0.3 

Oxygen 

-15.9 ± 0.3 

-16.9 ± 0.4 

-16.0 ± 0.3 


Inorganic carbon, oxygen, and sulfide fluxes (pimol g 1 h -1 ) in Riftia 
pachyptila (mean ± SE, taken from Figure 2), preceding autotrophy 
(average over 191 min), during autotrophv (147 min), and after (post) 
treatment with the carbonic anhydrase inhibitor ethoxyzolamide (EZ; 205 
min). The word “autotrophy" is used strictly with respect to carbon and 
represents a net uptake of C,. A negative flux denotes net acquisition; a 
positive flux denotes net production. Asterisks denote mean fluxes of 
inorganic carbon that are not significantly different from one another 
(Mann-Whitney U test). 
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0 100 200 300 400 500 600 

Time (min) 

Figure 2. Plot of inorganic carbon (a) and sulfide and oxygen flux rales (b) in Riftia pachyptila . Each point 
represents the values measured at the time indicated (the entire trace represents results from one animal). Water 
conditions of 3.11 ± 0.32 mmol 1 1 -C0 2 , 0.37 ± 0.03 mmol l -1 ^H 2 S, 0.40 ± 0.03 mmot l' 1 0 2 , and pH 
of 6.25 ± 0.13 were maintained. In plot 2a. acquisition refers to a net uptake of inorganic carbon, and production 
refers to a net elimination of inorganic carbon. When the worm demonstrated net acquisition of inorganic carbon 
( autotrophy ), ethoxyzolamide, an inhibitor of carbonic anhydrase, was added to the aquaria (2 mmot 1~\ arrow). 


decreased rate of coelomic fluid ^C0 2 uptake, and a com¬ 
plete shutdown in the movement of ^C0 2 into vascular 
blood. The inhibition of CA by EZ, and the subsequent 
effect on carbon acquisition rates, demonstrates the impor¬ 
tance of CA in maintaining an efficient net influx of inor¬ 
ganic carbon. It is interesting that the inhibition of CA by 
EZ resulted in net rates of C0 2 production that are similar 
to the pre-autotrophic rates of C0 2 production. In these 
experiments, freshly captured worms typically do not ex¬ 
hibit net inorganic carbon acquisition for the first 20 h. 
Thus, the net production of C0 2 during the first few hours 
represents C0 2 produ^ ion from both host and symbiont 
respiration. C0 2 resulting >m the metabolic processes 
within the association is, most likely, insufficient to meet 
the carbon need of the bacteria. Therefore, the acquisition of 
C, from the environment is employed to help fulfill this 
demand, and we see this as a rather large net uptake of C0 2 . 


Inhibition of CA results in similar rates of C0 2 production, 
indicating a nearly complete disruption of the carbon-con¬ 
centrating system. 

Until recently, it was thought that EZ was a specific 
inhibitor of CA, with no known properties other than CA 
inhibition. EZ, however, has also been suggested to inhibit 
proton pumps as well as CA (Maren, 1967; Harvey and 
Ehrenfeld, 1988). It has been demonstrated that these ani¬ 
mals may use proton pumps to maintain an extracellular pH 
that is elevated in relation to the environment (Goffredi et 
ciL, 1997). This creates a gradient for the inward movement 
of C0 2 because C0 2 demonstrates a strong pH-dependent 
dissociation w ith a pK of 6.1 (i.e., the pH value at which the 
ratio of C0 2 :HC0 3 is 1:1; Raven, 1984; Dickson and 
Millero, 1987). For this reason, C0 2 , the dominant chemical 
species in situ due to the acidic external pH (5-6), diffuses 
into the animal, which maintains an extracellular pH of 
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7.1-7.5 (Childress et ah, 1984, 1991; Goffredi et al., 1997). 
For R. pachyptila, a change in the pH gradient between the 
internal and external environments, via the inhibition of 
proton pumps, could drastically impair ability to take up 
C0 2 . EZ exposure in our experiments, however, did not 
result in significant changes in extracellular pH, indicating 
that EZ was not impairing extracellular pH control by 
inhibition of proton elimination. In previous studies, proton- 
pump inhibitors eliminated this pH regulation and resulted 
in very significant acidification of extracellular fiuids with a 
corresponding reduction in !£C0 2 concentrations at a given 
PCCH. The fact that the EZ-inhibited worms showed no 
reduction in extracellular fluid pH, under conditions in 
which worms treated with other proton pump inhibitors 
showed very significant decreases, strongly suggests that 
EZ did not inhibit the relevant proton ATPases (Goffredi et 
al, 1999). Thus, after a period of exposure to elevated P ccv 
the lower extracellular 1C0 2 and lower rates of C, accu¬ 
mulation in the extracellular fluids are almost certainly due 
to a lower rate of movement of Q into the extracellular 
fluid. Inhibition of CA is the most likely cause ot this 
reduced rate of movement: therefore based on these results, 
we believe that EZ acted primarily upon carbonic anhy- 
drase. 

In our flux experiments, the addition of EZ resulted in an 
initial decrease in net acquisition of Q. After the onset of 
inhibition, however, there was a significant trend towards 
restoration of net Q acquisition over time. The initial de¬ 
crease in net Q acquisition was presumably caused by the 
permanent inhibition of CA by EZ; however, this inhibition 
did not significantly affect the extracellular pH. Under nor¬ 
mal conditions (i,e„ without an inhibitor), CA is apparently 
essential for facilitating C, uptake at the C0 2 gradient that 
exists when the worm exhibits autotrophy. However, with 
the complete inhibition of CA. this gradient is no longer 
sufficient for the net uptake of C0 2 . We would expect, 
therefore, that as the EZ-exposed R. pachyptila depletes the 
vascular and coelomic C, pools, the increasing C0 2 gradient 
would lead to an eventual reduction of net C, production, as 
seen in our experiments. About 20% of the total Q acqui¬ 
sition (heterotrophic C, production — autotrophic Q uptake) 
by R. pachyptila had been recovered at 4 h following the 
addition of EZ. To determine the rates that would have been 
achieved w ithout the functioning of CA, longer experiments 
would have been necessary. 

Carbon-concentrating mechanisms 

Judging from the results of our animal metabolism ex¬ 
periments. it appears that CA plays an important role in the 
C0 2 -concentrating mechanism in R. pachyptila. Prior stud¬ 
ies have addressed the importance of proton elimination in 
maintaining a diffusion gradient for the influx of C0 2 (Gof¬ 
fredi et ah, 1997). The elevated extracellular pH maintained 


by these worms allows for C x to be concentrated in the 
extracellular fluid above external levels, via two mecha¬ 
nisms. The process of pumping protons into the surrounding 
medium, which has been demonstrated in R. pachyptila, 
increases the free C0 2 concentration externally, which cre¬ 
ates a larger external pool of C0 2 available to diffuse 
inward (Raven. 1991: Girguis and Childress. 1996). Sec¬ 
ondly, the actual pH gradient maintained between the inter¬ 
nal (pH 7.3) and external environments (pH 6.0) acts to 
concentrate Q internally by shifting the internal C i equilib¬ 
rium towards HC0 3 . Under steady-state conditions, the 
interconversion of C0 2 to bicarbonate at the plume must be 
reversed in the trophosome because C0 2 is the species of Q 
utilized by the symbionts of R. pachyptila (Scott et al., 
1994). Thus, the gradient for diffusion must ultimately be 
created by C, consumption by the symbionts. This provides 
the “driving force” for the passive influx of C0 2 but does 
not expedite the conversion of C0 2 into bicarbonate. 

By speeding the interconversion between C0 2 and 
HC0 3 ", CA helps to maximize the effectiveness of C0 2 
movement into the plume, through the animal, to the sym¬ 
bionts, allowing for very effective acquisition of inorganic 
carbon from the environment. Although C0 2 transport at the 
water/epithelium interface is accomplished by diffusion of 
dissolved C0 2 , an important role for CA in the equilibration 
between C, in the external and internal environments is 
likely, given its high concentrations and the high rates of 
inorganic carbon uptake. It appears that both the mainte¬ 
nance of a strong pH gradient and high levels of carbonic 
anhydrase work in concert to rapidly concentrate Q in this 
animal, thus providing the symbionts with an abundance of 
C0 2 . Ability to maintain these conditions is apparently a 
further specialization of Riftia pachyptila for supporting 
autotrophic endosymbionts. 
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